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The Worthington Effect and the origin of the Younger Dryas
by W. H. Berger1 and J. S. Killingley1

ABSTRACT
An increase in CO. content of the atmosphere during deglaciation is explained by buildup of
shelf carbonate with concomitant release of "excess CO," to the surrounding upper ocean, from
whence some of it enters the atmosphere. Mixing with deep water removes excess CO, to the
abyss where it is used up in dissolving foraminifera and coccoliths. The two master variables of
the model are the rate of accumulation of shelf carbonate and the time lag postulated for
downward mixing of the excess CO, into deep waters. This lag is a function of the "Worthington Effect," that is, the slowdown of vertical mixing through the addition of meltwater. If we
postulate a lag of 1000 years or more, then the atmospheric pCO, goes through an overshoot
phase, which is followed by a rebound to low values. We suggest that the rebound is real and
that it coincides with the Younger Dryas, a period of major cooling between 11,000 and 10,000
years ago. If this is accepted, then the mixing lag is near 2000 years.

1. Introduction
A striking phenomenon associated with Pleistocene climatic fluctuations is the
"saw-tooth" nature of the 100,000 year cycle, which is apparent in the oxygen
isotope record from deep-sea sediments (Emiliani, 1966; Shackleton and Opdyke,
1973; see Fig. 1). The steep side of each saw-tooth represents a deglaciation following a major glacial. These are the so-called "terminations" (Broecker and van Donk,
1970). They occur during times when the Earth's orbital constellation is such that
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Figure 1. Pleistocene isotope stratigraphy of Emiliani (1978) showing rapid transitions from
maximum cold to maximum warm conditions, the so-called "terminations" (arrows).
I. Scripps Institution of Oceanography, University of California, San Diego, La Jolla, California,
92093, U.S.A.
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insolation during summer is at a maximum on the northern hemisphere. Changing
seasonal distribution in northern insolation presumably drives the climatic cycles
(Milankovitch, 1930; Hays et al., 1976; Pisias, 1976).
The energy requirements for producing terminations are considerable. An imaginative array of scenarios has been generated to account for the rapidity of deglaciation in the face of such requirements (Adam, 1975; Andrews and Barry, 1978;
Ruddiman and McIntyre, 1981a). A common theme underlying proposed solutions
to the problem of rapid deglaciation is the presence of positive feedback mechanisms
within the ocean-atmosphere-cryosphere system. Albedo-feedback figures prominently: when snow-cover (or ice-cover) is reduced, the Earth becomes darker and
thus warmer. Humidity-feedback depends on a decrease of moisture transfer from
ocean to glaciated areas during winter. Increa~ed sea~ice formation during winter,
on a meltwater-enriched surface layer could provide for such starvation of glaciers
around the North Atlantic (Ruddiman and McIntyre, 1981a, b). During summer,
decreased mixing due to meltwater influx into the North Atlantic would allow
buildup of heat in the surface layer, and hence transport to high latitudes. There
may be instabilities in the ice sheets themselves. The flow of ice generates heat; if
flow is accelerated (for example by removing support at the base, through a rise in
sea level), heat conduction may be insufficient to keep the ice cold. Very rapid flow
(= "surges") may result. In any case, increased calving would be expected to accompany sea level rise, further raising sea level, and providing a means to transport
heat deficit toward lower latitudes.
Thus, there is a considerable range of physical feedback mechanisms, some of
which call for a slowdown of ocean mixing caused by a meltwater lid at least in the
North Atlantic. Worthington (1968) postulated such a lid for the entire ocean. He
suggested that the ocean would not overturn for thousands of years because of the
stable stratification generated by the meltwater influx. Does Worthington's propqsi-:
tion have merit, and if so, can we measure the length of time that the effect was in
operation? Here we show that a newly discovered phenomenon-the rise of atmospheric CO2 during deglaciation--can be explained by a chemical feedback model
involving the Worthington Effect, and that the Effect can be measured in terms of
thousands of years of mixing lag. Furthermore, the Worthington Effect proi:luces a
pC02 instability, which could explain the suddenness and severity of the "Younoer
0
Dryas," a brief period of strong global cooling during deglaciation.
Analyses of ice cores from Greenland and Antarctica (Berner et al., 1980;
Del~as et al., 1980; Neftel et al., 1982) indicate that atmospheric CO 2 rose from a
m
glacial low of less than 200 ppm to a postglacial high of greater tha 300
(Fig. 2). This increase in pCO., constitutes positive feedback d · dn 1 · t~p
"
urmg eg acia 10n,
through the greenhouse effect." The effect describes the well-k nown o bservati.on
that the atmosphere is transparent to incoming visible radiation b t
t·a11
. .
, u par 1 y opaque
to outgolllg lllfrared. Thus, the Boltzmann temperature for reradiation is reached
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Figure 2. CO, content of air bubbles in ice cores from Antarctica, from Delmas et al. (1980).
The two CO, signals were correlated using the stable isotope signals (only one of which is
shown). ll'"O increases to the right.

within the atmosphere rather than on Earth's surface, and the surface is correspondingly warm. An increase of CO 2 in the atmosphere increases the greenhouse effect,
such that a doubling of CO 2 raises global temperature by 2-3 °C (Hansen et al.,
1981). In high latitudes, that is, those crucial to ice-melting, the effect is amplified.
We have, then, a system with positive feedback, and, as we shall see, one in
which there is a lag in the negative feedback, which is tied to the Worthington
Effect. Without dampening, such a system oscillates. We suggest that the Younger
Dryas corresponds to the rebound following the first overshoot.

2. The coral reef model
To show a possible coupling between the Worthington Effect and deglacial climatic fluctuation we construct a simple model of pCO 2 increase, which we shall
explore by numerical experiment. For our analysis we use the "coral reef hypoth-
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Figure 3. Sketch of the coral reef hypothesis. The transfer of foraminiferal ooze into coral
reef is accompanied by an increase in pCO,.

esis" of deglacial CO 2 buildup, which has been outlined previously (Berger, 1982).
The hypothesis assumes considerable shelf carbonate buildup during the flooding of
the shelves, which releases CO2 from the ocean to the atmosphere. For long-term
steady-state conditions, carbonate buildup on the shelves requires carbonate removal elsewhere, by dissolution. The dissolution occurs in the most susceptible
area, that is, on the deep sea floor which is already bathed by undersaturated waters.
In principle, the chemistry of surface waters, from which carbonate is being extracted, moves toward undersaturation which increases the pCO 2 • Later, much of
the saturation deficit is neutralized on the deep sea floor. But first, the information
that a deficit exists must enter the deep ocean through vertical mixing. Essentially,
the hypothesis uses the concept of basin-to-shelf transfer of carbonate (Berger and
Winterer, 1974) during sea level rise (= "transgression") and combines it with the
physical reality of a finite ocean mixing rate (Fig. 3).
The ingredients of the model are as follows. There are three boxes containing
CO2, and a source and a sink. The boxes are the atmosphere, the upper water (0-1
km depth) , and the deep water (> 1 km depth). Their relative sizes (by carbon mass)
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are 1: 15:45. The source of CO2 is the growth of shelf carbonate ("coral reer')
which accompanies the rise of sea level. The reaction is
(1)

The CO2 evolves from carbonate buildup and is released into the upper water from
whence some of it enters the atmosphere. Mixing of upper and deep water removes
most of it from the upper system and brings it in contact with the deep sea floor.
Here it is eventually titrated against CaC03, completing the transfer (Fig. 3). Thus,
the sea floor is the sink for the CO2, The substantial increase of carbonate dissolution during Holocene time, over much of the Indo-Pacific (Berger, 1981) supports
our scenario (in the Atlantic the evidence is equivocal).
The CO2 in our model has certain properties which are different from newly
introduced CO2, such as industrial CO2 for example. Unlike "new CO 2," our "excess
CO/' carries with it a change in alkalinity. The reason is that the precipitation of
CaC03 removes both calcium and carbonate from solution to cause an alkalinity
decrease of two equivalents. There is a net removal from the total CO 2 (IC0 2
CO 2 + HC03 - + C03- 2) of one mole of carbon but the increase in acidity changes
the partitioning within the IC0 2 system toward a greater fraction of CO 2. Because
the dissolved CO 2 increases, there will be a corresponding increase in pC0 2. It is this
change in pC02 caused by decreasing alkalinity that we are interested in tracking.
How is the "excess CO/' partitioned between ocean and atmosphere? Partitioning
is described by the so-called buffer factor (= "Revelle factor"), which is the ratio
11
between the percent change in the atmosphere to the percent change in the ocean's
total CO 2 • For "new CO/ ' this factor is near 10, but for "excess CO/' it is much
smaller. Several authors give factors which can be used to calculate the appropriate
IB partitioning between upper water and atmosphere (Revelle and Suess, 1957; Plass,
1972; Bacastow and Keeling, 1979; Broecker et al., 1979). Results differ somewhat,
but for "new CO/' the partitioning comes out near 63/37, and for "excess CO/' we
!ii obtain a value near 75/25. To some degree, partitioning also depends on changes
in atmospheric baseline, the proportion of meltwater in the upper water, and the
a warming of upper waters during deglaciation. Here we do not consider these oppor~1 tunities for refinement, but simply use several values for sensitivity analysis . We
.td
take the same approach to the other parameters of the model, namely the input
cil rate of excess CO 2 (= buildup rate of shelf carbonate), the dissolution rate at the
sea floor, and the time lag in the mixing between upper water and deep water. We
~1
also introduce "negative feedback," as a steady decrease in the buildup rate of shelf
~I carbonate. The parameters are listed in Table 1. The central values represent our
best estimates.
The model works as follows. At the start of the experiment the source of excess
ii CO2 is turned on: / 1 is the amount of input at the first step. (The step interval is
250 yr.) The boxes DEEP, ATMOS, and UPPER contain zero, as does the auxiliary

=

[40, Supplement

_ Journal of Marine Research

32

Table 1.. Values for parameters used .in the model.

ACM
_(6.l011gC)

· Total input of
excess CO,

Results in figure

Values

Dimension

Parameter

1

2

3

3a

80/20

75 / 25

70/~0

3b

20

40

3.c

Partitioning upper
water/ atmosphere

ratio

Dissolution rate

Percent of
excess -CO,
in .deep water
per step

10

Percent of ,
. sum of input,
each step

0

2.5

5

3d

.2

4

8

4

Negative feedback

Mixing lag

Steps

Step length

yr

I I

250

reservoir MIX, and the sink, FLOOR. The various amounts of excess CO2 which
build tip in the boxes as a result of the input are calculated by a set of 5 equations
'(2) to (6) . In is the ntli input; A n is the amount of excess CO2 in the ·atmosphere
•<after .the ·,;th input-step; Un is the corresponding amount of excess CO2 in the upper
·, ".Yater~. D,. is the amount in the deep waters and Fn_the quantity taken up by dissolu. tion on the ocean floor.
DEEP,

Dn =[Un- a; + Dn- 1] X 0.75

MIX,

Mn= I,. + A n- 1 + Un- 1 - [0.75(Un- .x

ATMOS, A n = f" • M,.

= (l -

X

(1 - l a)

(2)

+ Dn- 1) -

D,._1]

(3)

(4)

UPPER,

U,.

f ") Mn

(5)

F LOOR,

F,. = Fn- 1 + Dn ( 1 ~ fa)

(6)

Equation (2) describes D,. in terms of the mixing of the existing deep excess CO2
with upper water CO 2 from step (n- x ), where x is the number of steps corresponding to the lag time. This mixture is partitioned 1 : 3 between upper and deep water
(thus the 0.75 factor) and then reduced by dissolution of deep sea carbonate,
through the term (1 - fa). fa is the proportion of the deep excess CO 2 removed at
the sea floor, at each step.
The value of Mn in Equation (3) defines the sum of atmospheric and upper water
excess CO2 in terms of the current input (In) plus the existing A and U values minus

I
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the amount removed to deep water corresponding to the assumed lag time. The
value of I,. stays constant when the negative feedback is 0, otherwise it decreases
steadily. Iln is the total input (1, 2, or 3 ACM).
Equations (4) and (5) define the atmospheric and upper water excess CO 2 values
as a fraction of Mn. fp is the percent of Mn assumed to reside in the atmosphere, it
represents the "partitioning" referred to above.
Equation (6) gives a value for F n, the cumulative amount of excess CO 2 removed
by reaction with the deep sea sediment. F 1 , F 2 • • • Fn may be used to track the course
of dissolution on the deep sea floor. The difference between Iln and Fn must be
equal to the total excess CO2 present within the boxes A, U, and D.
The buildup of "coral reefs" lasts 5,000 years, that is, 20 steps. The output of
interest is the series of values Ai, A 2, ... An,
3. Results

For each set of runs we used three different values for one parameter and fixed
"best guess" values (central ones in Table 1) for all other parameters. Results are
shown in Figures 4 and 5.
The main result of the first four sets of runs is that the model produces oscillan n
tions with typical ranges of 10 ppm to 50 ppm CO 2 above background. For a
background of 200 ppm (glacial CO 2 ) , the model produces an initial rise to 250
ppm, and also a subsequent drop toward lower values, which is compatible with the
ice, core data (Fig. 2) . .The amplitude of the oscillations depends both on the asII i
sumed coral buildup rate .and on the mixing lag.
The frequency of the oscillations is determined by the mixing lag. For the runs in
Figure 4 the lag is four steps, that is, 1,000 years. We see how initially the CO2
concentration builds up quickly during the lag period, while there is no loss to deep ·
water (and to the deep sea floor). Subsequently, when the upper water mixes with,.
the deep water, the pCO 2 falls drastically. The zenith is reached after five steps and
the nadir after eleven steps. For a step of 250 years, this corresponds to 1250 years
and 2750 years.
The basic pattern is not greatly dependent on the values of parameters other than·
input rate, within reason. The instances where CO 2 drops below zero are unrealistic,
and point up weaknesses of the model. The master variable, among the four investigated in Figure 4, is clearly the input rate.
In Figure 5 the effects of a change in mixing lag are explored. A short lag of 500
years produces a steep increase and a slow decay, as seen in the data from ice core
DlO (Fig. 2). A long lag produces a considerable overshoot, climbing to more than
150 ppm over background. It also produces instability in the model system. Clearly,
it
is a crucial parameter of the system.
I 1
Our preferred rate of two ACM (Atmospheric Carbon Masses) per 5,000 years ,
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Figure 4. Output of 4 sets of model runs, each with 3 values for the same parameter (which
is named). See Table 1.

(which is within the boundaries set by Hay and Southam, 1977) is not quite sufficient to produce the target effect. Additional factors, such as a change in fertility of
the ocean (Broecker, 1982) may have to be invoked. Also, an overall increase of
pC02 results from accumulating CaC0 3 on the shelves rather than on the deep sea
floor. The reason is that the ocean will be, on the whole, less saturated with CaCOa
while shelves are flooded. We have neglected this effect in our calculations.

4. Discussion
The two master variables of our coral reef model are input rate and mixing lag.
The first sets the scale of the CO2 excursions, and the second controls amplitude
and frequency of oscillations. The input rate can be estimated from direct stratigraphic measurements of the thickness of Holocene shallow water carbonates, and
of the carbonate deficit in deep-sea sediments which resulted from the basin-to-shelf
transfer. We believe that we have guessed correctly within the range given. The
necessary data to substantiate this claim need to be compiled.
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Can we estimate the actual mixing lag during deglaciation? According to Worthington (1968) the lag should be thousands of years, due to the rapid addition of
low-density meltwater on top of the ocean. Evidence supporting the reality of this
effect was presented earlier (Berger et al., 1977; Berger, 1978).
Our model likewise suggests that the Worthington Effect is real. Also, it allows
estimation of its magnitude. To do this, we call on the phenomenon of the Younger
Dryas, a short-lived relapse into quasi-glacial cold conditions during deglaciation,
centered between 10,000 and 11,000 years ago (Berglund, 1979; Suess, 1979;
Lowe, 1981). The marine record clearly shows this event (Ruddiman and McIntyre,
1973, 1981b; Duplessy et al., 1981).
Essentially, the model predicts that the rapid warming during early deglaciation
will be followed by a severe drawdown of CO 2 • The time span between the onset of
transgression and the drawdown maximum is close to 2 times the mixing lag. Also,
the period separating peak and trough of ACO 2 is about 1 mixing lag. If we take
the first peak to be the Allerod warm period, and the first trough as the Younger
Dryas cold period, we obtain a difference of about 1,000 years (Dreimanis and
Goldthwait, 1973). Clearly, this represents a minimum estimate for the mixing lag
operative during the preceding warming. If we take the onset of deglaciation as
13,500 years (see Bloom et al., 1971), then the difference between onset and
Younger Dryas is 3,000 years, and the mixing lag is 2,000 years for the warming
part of the cycle. Our own 14 C data on box cores from the equatorial Pacific (Berger
and Killingley, 1982) indicate onset of deglaciation near 14,000 years (Berger, in
press). Hence, the 2,000 year estimate seems realistic or even conservative.
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Thus, if we assume that the Younger Dryas is indeed coincident with the first
major rebound in CO 2 as produced by the coral reef model, then it would seem to
follow that the mixing lag between upper waters and deep waters is near 2,000
years during deglaciation. This lag is shorter than that postulated by Worthington
(1968), but is still substantial.
Within the framework of the model, the Worthington Effect allows an initial fast
buildup of CO 2 of a magnitude seen in the ice core data, without the necessity of
calling on more than moderate coral reef growth rates. The enhanced pCO2 buildup
during the lag period introduces the instability which produces the rebound to low
values, at the onset of deep mixing. What exactly triggers the deep mixing process
is not clear to us. A solar cycle of between 2,000 and 2,500 years may be involved.
Such a cycle has been proposed by Dansgaard et al. (1971) on the basis of ice
core studies.
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